Our results in this study have shown that Ihh transcripts were expressed in hypertrophic chondrocytes in mice at three days but not at three weeks, although a similar expression pattern of ␣1 (X) collagen could be observed in both types of cartilage. To investigate the possibility that there are direct and age-dependent functions of Ihh in chondrocytes, cultured chondrocytes were treated with the amino-terminal fragment of Sonic hedgehog protein (Shh-N) which can functionally substitute for Ihh protein. Shh-N did not affect the proliferation and differentiation of chondrocytes from three-week-old mice but had a significant effect on three-day-old mice. It enhanced proliferation up to 128% of the control culture in a dose-dependent manner. Although there was no effect in Shh-N-treated cultures, Shh-N enhanced the stimulatory effect of parathyroid hormone (PTH) on the synthesis of proteoglycans. Because the effects of Shh-N on chondrocyte differentiation in this culture system differed from those of bone morphogenetic protein-2 (BMP2) and PTH, in terms of proteoglycan synthesis and ALPase activity, it is unlikely that BMP2 or PTH/PTH-related protein mediates the direct effects of Ihh in chondrocytes. Our study shows that Ihh can function in chondrocytes in a direct and age-dependent fashion.
Although the repair of fractures has been well described histologically, little is known about the molecular mechanisms of healing. 1, 2 To understand the molecular basis of such repair, the interaction between the different factors which mediate mesenchymal condensation, stimulate cell proliferation and induce differentiation of bone and cartilage should be studied. Previously, we have shown that growth factors such as transforming growth factor-ß (TGFß), bone morphogenetic protein (BMP) and fibroblast growth factor (FGF) demonstrate regulatory effects on the proliferation and differentiation of undifferentiated mesenchymal cells. 1, [3] [4] [5] Of these, BMP has a crucial role in the osteochondrogenesis of bone formation as well as in the repair of fractures. 2, 4, 5 The question arises as to what regulates BMP expression. Likely candidates are members of the hedgehog gene family since mRNAs encoding BMP2, BMP4 and sonic hedgehog protein (Shh) are expressed in a complimentary fashion in a wide range of tissues [5] [6] [7] and overexpression of Shh induces BMP2 in the limb. 8 These data strongly suggest that BMPs are the targets of the hedgehog protein signalling cascade. Hedgehog protein was first identified in Drosophila in which it regulates aspects of embryonic segmentation and patterning of the limbs. 9 More recently, the vertebrate homologues of this Drosophila gene have been identified based on their highly conservative amino-terminals. 10 They regulate a wide variety of patterning events during fetal development, including skeletogenesis. 11 Initially, Shh mediates anteroposterior patterning in the limb bud 12 and dorsoventral patterning of the somites. 13 It exerts its effects through target genes such as Hox and Pax homeobox genes, [14] [15] [16] [20] [21] [22] Later during fetal development, another member of the hedgehog gene family, Indian hedgehog gene (Ihh), is induced in the cartilage anlage of the skeletal elements of the limbs. 5, 6 We have found that Ihh is expressed in mature and hypertrophic chondrocytes throughout fetal and neonatal growth cartilage. 5 This suggests that Ihh has an important role in the proliferation and differentiation of chondrocytes, but its direct effect on their metabolism remains unknown. We have therefore investigated the temporal and spatial expression of Ihh in the postnatal growth plate and compared its effect on chondrocytes with that of two other growth factors, parathyroid hormone (PTH) and BMP2, which are putative targets of Ihh.
Materials and Methods
In situ hybridisation. We collected ribs from Swiss Webster inbred mice in ice-cold phosphate-buffered solution (PBS). They were then fixed in 4% paraformaldehyde (PFA) in PBS for 16 to 20 hours at 4°C, decalcified with buffered EDTA 2 , dehydrated in a graded ethanol series, and embedded in paraffin wax. Sections 4 to 6 µm in size were cut on a microtome and serially mounted on slides pretreated with 3-aminopropyltriethoxysilane as previously described. 23 Subclones of Ihh and ␣1 (X) collagen (col-10) were linearised with appropriate restriction enzymes to transcribe either sense or antisense [ 33 P]UTP-labelled riboprobes. The RNA probe was synthesised as follows: Ihh from a 574 bp EcoRi-Xhol cDNA fragment (nucleotides 427 to 1001) and col-10 from a 500 bp EcoRI-Xhol cDNA fragment.
We performed in situ hybridisation as previously described. 5, 23 Paraffin sections were dewaxed and then rehydrated in ethanol with sequential concentrations from 100% to 30%. Deproteinisation was performed with proteinase K (Sigma, St Louis, Missouri) at 20 µg/ml in 50 mM Tris buffer (pH 8.0) and 5 mM EDTA for five minutes at room temperature, followed by PBS for five minutes. The sections were then fixed in 4% PFA in PBS for 20 minutes before acetylation in 0.1M triethanolamine (pH 8.0) for ten minutes. Slides were incubated overnight (56°C) in hybridisation buffer. The non-specifically bound probe was hydrolysed with RNase A (Sigma) and final washes were carried out at high stringency (58 to 60°C). The slides were exposed initially to Cronex film (Dupont) to determine the approximate patterns of expression, then emulsion-dipped.
To illustrate the tissue outline and cell density, they were treated with Hoechst (Sigma) nuclear stain after development of the emulsion layer. Tissue sections were visualised using darkfield and fluorescence microscopy. Images were captured on a digital camera as double exposures in which the fluorescent image revealed cell density and the darkfield image represented silver grain density. Near-adjacent serial sections were stained with safranin-O-Fast Green (SO) to demonstrate bone and cartilage. Gene expression of Ihh and col-10 in the rib growth plate of three-day-old and three-week-old mice. Figure 1A -In a three-day-old mouse rib Safranin-O-Fast Green (SO) staining demarcates cartilage (red) from bone and connective tissue (blue). Figure 1B -Col-10 was expressed in hypertrophic chondrocytes. Figure 1C -Ihh transcripts were expressed mainly in the upper zone of hypertrophic chondrocytes. Figure 1D -In three-week-old mice SO staining showed that there were still hypertrophic chondrocytes in the growth plate. Figure 1E -Col-10 transcripts were still detected in hypertrophic chondrocytes. Figure 1F -Ihh transcripts were no longer detected in the growth plate of three-week-old mice.
Chondrocytes culture. Chondrocytes were enzymatically isolated from the ribs of three-day-old and three-week-old mice as previously described. 24, 25 Freshly isolated chondrocytes were seeded at a density of ‫01ן0.1‬ 4 cells/6 mm in a 96-well plate and maintained in 200 µl of ␣MEM supplemented with 10% fetal bovine serum (FBS) at 37°C under 5% CO 2 . DNA and proteoglycan synthesis. When cultures reached confluence, cells were cultivated with ␣MEM containing 0.3% FBS for 24 hours for growth arrest. Various concentrations of the recombinant amino-terminal fragment of the Shh protein (Shh-N) and/or rat PTH (1 to 34) (Sigma), recombinant human BMP2 (provided by Genetics Institute Inc, Massachusetts through Yamanouchi Pharmaceutical Co Ltd, Japan) were then added to the media for a further 24 hours. Shh-N which can functionally substitute for Ihh, was purified from Shh-N glutathione-S-transferase fusion protein which was produced by a bacterial expression vector (a gift from Doris von Kessler) and a host Escherichia coli. Experiments both in vitro and in vivo have shown that the amino-terminal fragment of the hedgehog protein is responsible for all the biological activity of hedgehog proteins. 8, 13, [26] [27] [28] To demonstrate that the hedgehog protein was functional, we used a limb bud assay system in which this protein was implanted into the anterior part of the developing limb bud of the chick wing. Shh-N induced a duplication in the digit.
To estimate the rate of DNA synthesis, cells were incubated with 1 µCi/ml of [ 3 H]thymidine for three hours at the end of culture. DNA was precipitated with 5% TCA and solubilised in 100 µl of 0.1 N NaOH.
To determine the rate of proteoglycan synthesis, 2 µCi/ ml of [ Laury and Brock 30, 31 with para-nitrophenyl-phosphate (pNP) as substrate. Briefly, 200 µl of 0.9% NaCI/2% Triton X-100 were added to the culture four days after confluent for extraction of ALPase. The activity of the latter in the supernatant was determined by the ability to hydrolyse pNP in 30 minutes at 37°C. One unit of ALPase activity was defined as 1 µmole of pNP hydrolysis/30min/mg protein.
Para-nitrophenol was used as standard. Cellular protein contents were measured as previously described.
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Statistical analysis. Significant differences were determined using Student's t-test.
Results
Gene expression of Ihh in the postnatal growth plate. Figure 1A shows the growth plate of a three-day old mouse rib. Col-10 expression was restricted to hypertrophic chondrocytes (Fig. 1B) . After birth and up to three days of life, Ihh transcripts were expressed in the upper zone of hypertrophic chondrocytes in the growth plate (Fig. 1C) .
Although chondrocytes continued to express col-10 and to hypertrophy in three-week-old mice ( Figs 1D and 1E ), the expression of Ihh was no longer detected in the growth plate (Fig. 1F) . Age-dependent effects of Shh-N on chondrocyte proliferation and differentiation. Shh-N did not affect [ (Fig. 2) , but significantly affected the proliferation and differentiation of chondrocytes from three-day-old mice. In cultures treated with 100 µg/ml of Shh-N, [ 3 H]thymidine incorporation was increased from the untreated control level by a factor of 128% (95% CI 112% to 146%) (Fig. 3a) . Rat PTH (1 to 34) increased about four times compared with the control and BMP2 increased [ 3 H]thymidine incorporation by a factor of about three (Figs 3b and 3c ). There was no synergistic effect between Shh-N and PTH or BMP2. Although there was no significant difference in [ (Fig. 4a) . Shh-N synergistically enhanced the effect of PTH which increased incorporation of [ (Fig. 4b) . BMP2 increased [ Effects of Shh-N, PTH, and BMP2 on DNA synthesis in chondrocytes isolated from the rib cartilage of three-day-old mice. ]thymidine at a dose of 100 ng/ml but Shh-N (3 to 30 µg/ml) showed no synergistic effect with BMP2. Each point or bar represents the mean of four cultures and is shown as a mean ± standard deviation (*=p<0.05, **=p<0.01 when compared with no treatment). (Fig. 4c) . Shh-N did not affect ALPase activity, but PTH significantly inhibited it (Fig. 5 ).
Discussion
Shh-N has a direct effect on proliferation and differentiation of chondrocytes from three-day-old mice. To study the direct effect of Ihh on chondrocytes, we isolated cells from chondrocytes from the ribs of three-day-old mice and from the ribs of three-week-old mice. The former expressed Ihh whereas the latter did not. Both cell populations were treated with Shh-N, which can functionally substitute for Ihh protein. 8, 13, [26] [27] [28] Our findings indicate that Shh-N had no significant direct effect on chondrocytes from three-week-old mice. One conceivable explanation for this lack of responsiveness to Ihh is that a putative receptor for hedgehog protein, patched, 8, 33 may no longer be expressed. In chondrocytes from three-day-old mice, Shh-N stimulated proliferation of chondrocytes and enhanced proteoglycan synthesis of chondrocytes synergistically with PTH. The effect of Shh-N was not necessarily involved with the induction of BMP2 or PTH/PTH-related protein Effects of Shh-N, PTH, and BMP2 on proteoglycan synthesis in chondrocytes isolated from rib cartilage of three-day-old mice. Effects of Shh-N and PTH on ALPase activity in chondrocytes isolated from the rib cartilage of three-day-old mice. Shh-N did not affect ALPase activity and had no synergistic effect with PTH. Rat PTH inhibited ALPase activity. One unit of ALPase activity was defined as 1 µmole pNP hydrolysis/30min/mg protein. Each point or bar represents the mean of four cultures and is shown as a mean ± standard deviation (**=p < 0.01 when compared with no treatment).
which are putative targets of Shh-N 8 , because in this culture system Shh-N had different effects from BMP2 and PTH (Table I) ; BMP2 and PTH stimulated proteoglycan synthesis, whereas Shh-N itself did not. In addition, PTH inhibited ALPase activity in the cultured chondrocytes, whereas Shh-N did not.
Vortkamp et al 8 reported that the target of Ihh signalling is the perichondrium and not the chondrocytes directly. Our study, however, demonstrates that in addition to its effect on the perichondrium, 8 Shh directly affects the proliferation and differentiation of chondrocytes. Postnatal skeletal development. Ihh has been shown to be expressed in the growth plate 5 of three-and eight-day-old mice and in that of three-week-old chickens 8 but Ihh transcripts were significantly down-regulated or absent later in murine development. 5 The lack of Ihh expression did not correlate with a cessation in proliferation or a lack of chondrogenic differentiation, since cells in the growth plate continue to proliferate, undergo hypertrophy and express col-10. 34, 35 One possible explanation for a lack of Ihh signalling may be that the endocrine system assumes a greater role in regulating physeal maturation during postnatal development. 36 Although Ihh is not expressed in adult growth-plate cartilage, it is reinduced in response to injury. It is tempting to speculate that the rapid growth of the young and the healing of fractures may correlate with Ihh signalling. 
